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ABSTRACT
We present Herschel Space Observatorya PACS spectra of T Tauri stars, in which we detect amor-
phous and crystalline water ice features. Using irradiated accretion disk models, we determine the
disk structure and ice abundance in each of the systems. Combining a model-independent comparison
of the ice feature strength and disk size with a detailed analysis of the model ice location, we estimate
that the ice emitting region is at disk radii >30AU, consistent with a proto-Kuiper belt. Vertically,
the ice emits most below the photodesorption zone, consistent with Herschel observations of cold
water vapor. The presence of crystallized water ice at a disk location a) colder than its crystalliza-
tion temperature and b) where it should have been re-amorphized in ∼1 Myr suggests that localized
generation is occurring; the most likely cause appears to be micrometeorite impact or planetesimal
collisions. Based on simple tests with UV models and different ice distributions, we suggest that the
SED shape from 20 to 50µm may probe the location of the water ice snow line in the disk upper layers.
This project represents one of the first extra-solar probes of the spatial structure of the cometary ice
reservoir thought to deliver water to terrestrial planets.
Subject headings: Protoplanetary disks — radiative transfer — astrobiology — stars: individual: AA
Tau, DO Tau, Haro 6-13, VW Cha
1. INTRODUCTION
As the most abundant non-refractory solid-state com-
ponent in protoplanetary disks, water ice plays a key role
in the dynamics and chemistry of planet formation. Its
sticking properties may enhance the efficiency of dust
grain growth and settling (Okuzumi et al. 2012), which
is important for planetesimal growth. Water is one of
the main molecular oxygen carriers, so its ice desorp-
tion fronts contribute strongly to the radial variation of
disks’ C/O in the gas phase and on grains (O¨berg et al.
2011). The resulting C/O ratio in the atmospheres of
giant planets affects these planets’ spectral signatures,
which are typically hydrocarbon or water vapor absorp-
tion features (Madhusudhan 2012). Delivery of ice from
disk reservoirs by comet or asteroid impacts is likely the
origin of Earth’s water (Hartogh et al. 2011; Alexander et
al. 2012). Constraining the location of water ice in disks
would enhance our understanding of all these topics.
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The distribution of water ice throughout the disk is
dominated by thermal desorption (sublimation), with
secondary effects from photodesorption and settling. In
the disk’s upper layers where most of the stellar radia-
tion is deposited, icy grains are directly exposed to the
far ultra-violet (FUV) radiation field that, for low mass
stars, originates mostly in the stellar accretion shock
(Calvet & Gullbring 1998). Water molecules should be
photodesorbed from the grain surface into the gas phase
(Pollack et al. 1994; O¨berg et al. 2009), producing water
vapor even at locations in the disk with temperatures
below the water ice sublimation temperature (Dominik
et al. 2005). However, recent observations of water vapor
emission from the DM Tau and TW Hya disks with the
Herschel Space Observatory show that the water lines
are weaker than predicted by chemical models including
photodesorption of ice (Bergin et al. 2010; Hogerheijde
et al. 2011). The lower water vapor abundance in TW
Hya may be due to growth and subsequent settling of the
icy grains from the upper layers, which would reduce the
amount of ice available to photodesorb.
The structure of water ice traces its past thermal his-
tory, because it crystallizes in an irreversible reaction at
temperatures of 110 to 130K (Smith et al. 1994). Pro-
tostellar infall chemical models suggest that water ice is
formed amorphous in a star’s natal cloud, and the bulk
of the ice beyond ∼30AU may reach the disk without
exceeding this crystallization temperature (Visser et al.
2009, 2011). This prediction is consistent with most pre-
vious observations of 3µm water ice in the upper lay-
ers of edge-on disks (Pontoppidan et al. 2005; Terada
et al. 2007); however, Kuiper belt objects (KBOs) and
satellites of Solar system gas giants show predominately
crystalline ice signatures (Jewitt & Luu 2004; Grundy
et al. 2006). Several mechanisms exist that can crystal-
ize and/or amorphize water ice in disks: desorption and
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recondensation onto grains (Kouchi et al. 1994; Ciesla
2014), irradiation by high energy particles (Moore &
Hudson 1992), and collisions between large particles or
planetesimals (Porter et al. 2010). A handful of crys-
talline ice detections at 3µm (Schegerer & Wolf 2010;
Terada & Tokunaga 2012) in T Tauri disks as well as
43 and 63µm with ISO in Herbig AeBe disks (Malfait
et al. 1998, 1999; Creech-Eakman et al. 2002) represent
the missing link between primitive ices from molecular
clouds and thermally processed ices in mature solar sys-
tems. In our previous paper (McClure et al. 2012), we
used Herschel to observe the 63µm crystalline ice feature
for the first time in a T Tauri disk and suggested that the
crystalline water ice could be the result of planetesimal
collisions in the outer disk.
Here we present Herschel PACS spectra of disks around
T Tauri stars in which we detect signatures of crystalline
ice and amorphous ice (Sections 2 and 3). Through com-
parison of their spectral energy distributions (SEDs) with
synthetic spectra from disk structure models (Section
4.1), we constrain the radial and vertical ice emitting
region (Section 4.2) and conclude that we have detected
a proto-Kuiper belt or other trans-Neptunian water ice
reservoir (Section 5.2) below the photodesorption layer
(Section 5.3), where the crystalline ice is regenerated
through impacts between dust grains and/or planetes-
timals (Section 6).
2. SAMPLE SELECTION, OBSERVATIONS, AND DATA
REDUCTION
The four disks in our sample, AA Tau, DO Tau,
Haro 6-13, and VW Cha, were drawn from two larger
Herschel programs, OT1 mmcclure 1 (PI: McClure) and
OT1 cespaill 2 (PI: Espaillat), and selected on the basis
of their water ice detections, with one non-detection in-
cluded as a control case (VW Cha). We note that our
combined Herschel programs observed 50 circumstellar
disks; of these, 86% did not show prominent signs of ice.
The disks presented in this paper and McClure et al.
(2012) represent the best detections. Three of the disks
are in Taurus, and one is in Cha I. The Herschel OB-
SIDs, Spitzer AORs, and dates of observation are given
in Table 1. For absolute photometric verification of these
spectra and for the analysis in Section 4.1, we gathered
photometry between 0.3 and 3000µm from the literature
to construct SEDs. The references for these photometry
are listed in Table 2. The complete SEDs, including the
spectra described below, are shown in Figure 1.
2.1. Herschel PACS
We observed the sample using the PACS (Poglitsch
et al. 2010) instrument on Herschel (Pilbratt et al. 2010)
in range spectroscopy modes B2A (51-73µm) and R1S
(102-145µm) at Nyquist-sampling (λ/∆λ ∼1500). VW
Cha was also observed with B2B (71-105µm) and R1L
(139-210µm). The data were reduced using the HIPE
version 9.0 (Ott 2010) standard data reduction pipeline,
including the RSRF. The instrument is a coarse IFU with
5×5 spaxels; spectra were extracted from each one indi-
vidually. After confirming that the sources were point-
source like and well-centered on the central spaxel, we
applied the PSF correction to the spectrum from the
central spaxel. The uncertainty in PACS absolute flux
calibration can be up to 30%. As the data had been
TABLE 1
Observations
Star Herschel date Spitzer date
OBSID AOR
AA Tau 1342240152 2012-02-17 3537152 2004-02-28
Haro 6-13 1342239763 2012-02-29 3541504 2004-02-28
DO Tau 1342240156 2012-02-17 3533056 2004-02-29
VW Cha 1342233472 2011-12-02 12696832 2005-07-12
1342233471 2011-12-02 27066112 2008-06-02
observed with Nyquist sampling, which provided much
greater spectral resolution than necessary at the expense
of signal/noise, we down-sampled the data using two ap-
proaches. Before calculating equivalent widths for the
analysis, we median-filtered the spectra with sliding bins
of 50 resolution elements, which removed the bulk of the
[O I] emission line at 63µm. Therefore the [O I] line
in DO Tau and AA Tau (Howard et al. 2013) does not
contribute to the broad shape of their B2A spectra. To
estimate the uncertainty in the spectral shape we did the
following. First we median filtered the spectrum with a
sliding window of 4 resolution elements, to remove any
line emission. We then rebinned the flux into 1µm seg-
ments, with the rebinned flux being the average flux in
that segment and the uncertainty being the standard de-
viation of the point-to-point variation in the 1µm bin.
This method shows that although the spectra are noisy,
the shape of the overall continuum is robust.
To confirm the absolute photometric accuracy of the
PACS spectrum, we compared the spectra with photom-
etry from IRAS, AKARI, MIPS, and PACS when avail-
able. The photometry and spectra are shown with addi-
tional data in Figure 1. For AA Tau there is excellent
agreement between IRAS, AKARI, ISO photometry, and
the PACS spectrum. The match between photometry, in
this case MIPS and PACS, and our PACS spectroscopy is
also within 1σ for VW Cha. The other two disks, DO Tau
and Haro 6-13, show more variation between their 70µm
photometry and spectroscopy, although they are nomi-
nally within 3σ of each other after taking into account the
30% absolute flux uncertainty in PACS. Unfortunately,
the detectors used for AKARI and MIPS 70µm fluxes
are optimized for sensitivity and become non-linear for
source fluxes greater than ∼1 Jy. Since both of these
disks are ∼4-6 Jy at 70µm, the AKARI and MIPS fluxes
only provide lower limits to the actual flux.
2.2. Spitzer IRS
The Spitzer IRS (Houck et al. 2004) spectra were taken
in some combination of low- and high-resolution modes:
SL (5−14µm) and LL (14−38µm) with λ/∆λ=60−120
and SH (10−19µm) and LH (19−35µm) with λ/∆λ=600.
Observation dates and identifying information are given
in Table 1. We reduced these data with SMART (Hig-
don et al. 2004) in the same way as in McClure et al.
(2010), with the exception that the SH/LH data were
sky subtracted from off-source frames included in their
AORs. We estimate the spectrophotometric uncertainty
to be ∼5%.
2.3. ISO LWS
One disk in our sample, AA Tau, was observed with
the LWS instrument on ISO (Kessler et al. 1996). The re-
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Fig. 1.— SEDs of targets in sample, not corrected for extinction. References for photometry are given in Table 2. Note that for AA Tau
we also plot its ISO LWS spectrum (grey line), described in §2.3.
TABLE 2
Ancillary photometry
Wavelength Instrument & references
UBVRI/ugriz Kenyon & Hartmann (1995); Herbst et al. (1994); Ahn et al. (2012)
JHK 2MASS (Cutri et al. 2003), DENIS, Myers et al. (1987)
mid-IR WISE (Cutri & et al. 2012), AKARI IRC (Ishihara et al. 2010), Spitzer IRAC (Luhman et al. 2008)
far-IR PACS (Winston et al. 2012; Howard et al. 2013), AKARI FIS, Spitzer MIPS, ISO, IRAS
submm Andrews & Williams (2005), Andrews & Williams (2008), Beckwith & Sargent (1991)
mm Beckwith & Sargent (1991), Beckwith et al. (1990), Kitamura et al. (2002), Dutrey et al. (1996)
sulting spectrum was published and analyzed by Creech-
Eakman et al. (2002). We downloaded the spectrum from
the ISO Data Archive as well as the reduced PHT 22
photometry at 90 and 170µm. The LWS spectrum had
several relative order mismatches and an overall offset in
absolute flux from the photometry. We chose LW2 (cen-
tral λ ∼122µm) as the anchor order and scaled the other
orders to that one, using the overlap between orders. We
then scaled the entire spectrum down to the ISO pho-
tometry and trimmed the spectrum shortward of 46µm,
between 70 and 90µm, and longward of 170µm. The final
spectrum was median filtered within sliding windows of
100 spectral elements.
3. OBSERVATIONAL RESULTS
The SEDs of all four systems have infrared excesses,
indicating the presence of dust-rich disks. For two of the
disks, Haro 6-13 and DO Tau, the Herschel B2A spec-
trum peaks at 63µm with a shape consistent with the
crystalline water ice feature (Bertie et al. 1969, and see
opacities in Figure 2). AA Tau displays no crystalline
features, but the short wavelength end of the B2A spec-
trum continues up into the long wavelength shoulder of
the 47µm amorphous ice feature. The ISO spectrum con-
firms the existence of the amorphous 47µm feature. In
contrast to these three objects, VW Cha shows no ice fea-
ture and is essentially smooth over its PACS spectrum.
For DO Tau, Haro 6-13, and VW Cha we calculated
the equivalent width of the over the 63µm region, which
captures potential emission from the crystalline ice fea-
ture. The equivalent with is defined as:
Wλ =
∫ λ2
λ1
Fobs − Fcontinuum
Fcontinuum
dλ (1)
In both cases, the continuum was determined by a least-
squares polynomial fit to the 25 and 32µm region of the
Spitzer IRS spectrum and the 105 and 140µm region of
the Herschel PACS R1S spectrum. The limits of integra-
tion for the crystalline 63µm feature were taken to be 56
and 72.5µm and are indicated in Figure 3. Polynomials
of the fifth degree produced continuua that were most
consistent with the model fits found in Section 4.1.4;
however, differences in Wλ calculated with lower degree
4 McClure et al.
Fig. 2.— Detail of the far-infrared region of the hybrid water
ice opacities used in the models. Plus symbols denote the trim
boundaries for the inclusion of the Curtis et al. (2005) amorphous
(dashed line) and crystalline (solid line) ice opacities. Characteris-
tic wavelengths of the far-infrared ice emission maxima are noted
(with c for the crystalline features and a for the amorphous fea-
tures). These opacities are for a power law grain size distribution
with a maximum grain size of 0.25µm, power of -3.5, and a mass
fraction of ice, relative to gas, of 0.002.
polynomial continuua was not greater than 3σ. This fig-
ure also shows the polynomial continuum fits for the two
disks in which we detect the 63µm feature, DO Tau and
Haro 6-13, and the disk in which there is a non-detection
of ice, VW Cha. For comparison, we include GQ Lup, the
T Tauri disk in which we first detected the 63µm crys-
talline ice feature in McClure et al. (2012). In Figure
3 we list as well the 1σ uncertainties for the equivalent
widths, calculated from the individual error bars in the
spectra over which they were taken. Spectral energy dis-
tributions of disks have intrinsic curvature in the 55 to
120µm region due to optical depth and temperature ef-
fects, leading to a systematic uncertainty in the location
of the continuum underlying the feature. We use the
calculated value of the equivalent width for VW Cha,
in which ice is not detected, to represent the this un-
certainty. This systematic uncertainty is less than three
times the flux-based uncertainties.
4. ANALYSIS
The goal of this study is to deduce the water ice distri-
bution and abundance in these systems. In an optically
thick disk, the relative strength (i.e. equivalent width)
of any dust feature depends on the abundance of the
emitting dust species, grain geometry and size distribu-
tion, degree of dust settling, disk temperature and den-
sity structures, and inclination of the disk along the line
of sight (Furlan et al. 2009). It is therefore possible to
use the observed 63µm and 47µm features to infer these
properties by constructing a model disk structure and
using radiative transfer to produce a synthetic spectrum
to compare with the observed data.
Our approach to the analysis of these objects is as fol-
lows. First, we fit the SEDs of each system with an
TABLE 3
Equivalent width of 63µm
region
Star W63µm σa63µm
(µm) (µm)
VW Chab 0.5 0.2
GQ Lup 1.6 0.2
DO Tau 2.1 0.3
Haro 6-13 3.3 0.5
Note. —
a Statistical uncertainty cal-
culated from the spectral
flux uncertainties. b Ice was
not detected in VW Cha.
This equivalent width rep-
resents the systematic un-
certainty arising from the
intrinsic curvature in disk
continuua over the far-
infrared spectral region.
emergent spectrum from the D’Alessio et al. (2006) disk
structure models using specific dust opacities (Section
4.1). This allows us to constrain the grain size distri-
bution of the ice, the degree of dust settling, and disk
temperature structure. We can also use the radiative
transfer calculation to determine where the emitting re-
gion is for the water ice (Section 4.2). To assess the effect
to the overall ice distribution of photodesorption of ice
mantles from grains, we run a separate model to com-
pute the UV radiation field and combine the results with
the density structure found from the D’Alessio models
to determine the disk location where water ice has been
completely photodesorbed (Section 4.3).
4.1. Disk structure models
The detailed physics of the D’Alessio irradiated accre-
tion disk models is described in D’Alessio et al. (1998,
1999, 2001) and D’Alessio et al. (2004, 2006). For the
benefit of the reader, we briefly highlight the main fea-
tures of the code, and our updates to it, as it pertains to
this study.
4.1.1. General description
The D’Alessio et al. (2006) codes calculate self-
consistently both the density and temperature structures
of a disk heated by both stellar irradiation and viscous
dissipation. The mass accretion rate, M˙ , is constant
throughout the disk. Viscosity is parameterized through
α (Shakura & Sunyaev 1973), which is also held constant.
The disk consists of gas and dust, with the dust divided
into zones to simulate spatial variation in its properties
and composition.
Vertically, there are two dust populations: the upper
disk layer population has a smaller maximum grain size,
amax, while the midplane population has much larger
amax. Settling from the upper layers to the midplane is
parameterized through depletion of the upper layer popu-
lation,  = ξ/ξstandard, where the denominator is the sum
of the mass fraction of the different components relative
to gas and the numerator is the mass fraction in the small
dust population. The midplane dust abundance is cor-
respondingly enhanced to account for material removed
from the upper layers.
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non-detection of
VW Cha
GQ Lup
DO Tau
Haro 6-13
Fig. 3.— Determination of W63 for the three disks in this sample, plus GQ Lup from McClure et al. (2012). Continuum regions (dark
gray fill), continuum fit (red dashed line), and limits of integration (light grey fill) are indicated. Error bars in W63 are 1σ uncertainties.
4.1.2. Updates
Radially, we have updated the D’Alessio code to in-
clude multiple dust populations with discrete transitions
at cut-off radii (RC). A more comprehensive exploration
of the effects of radial zoning is left to future work; here
we consider a two-zone model only in the event that a
the standard D’Alessio single-zone model fails to repro-
duce simultaneously the PACS ice feature and the IRS
slope. The two-zone model allows us to vary the dust
properties in the upper or lower layer population inte-
rior or exterior to RC . In any zone, radial or vertical,
the dust properties, such as the grain size distribution,
abundance, and opacity can be changed individually for
each of three main grain types: silicates, pure, solid car-
bon, and water ice. The details of the dust are described
in Section 4.1.3.
At the inner edge of the disk, we implement a vertical
dust sublimation wall with an atmosphere following the
prescription of D’Alessio et al. (2004) with the two-layer
curvature proposed by McClure et al. (2013b). To recap
briefly, there is a lower-layer, with height hwall,1 and a
rim z coordinate of zwall,1, and an upper layer of height
hwall,2 = zwall,2−zwall,1 to produce a simple box-function
shape. Each wall layer is characterized by its grain size
distribution and sublimation temperature. Beyond each
layer’s radius, Rwall defined by those two properties, dust
is present. We allow the dust properties of the wall layers
to vary independently of those in the disk to simulate the
effects of a radial gradient in the inner disk mineralogy.
4.1.3. Opacities
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The dust opacities are calculated from optical con-
stants using Mie theory under the assumption of seg-
regated, spherical grains. The grain size distribution of
each grain type is of the form n(a) = n0a
p, where a is the
grain radius with limits of 0.005µm and amax. The abun-
dance of each species is input as a mass fraction relative
to gas. For the silicate and graphite grains, we assume
p = −3.5 (Mathis et al. 1977), and the optical constants
of graphite are taken from Draine & Lee (1984). Sili-
cates are divided into amorphous and crystalline versions
of two stoichiometries: olivines (Mg2−2xFe2xSiO4) and
pyroxenes (Mg1−xFexSiO3), where x = Fe/(Fe+Mg)
indicates the iron content. Opacities for the amorphous
olivine and pyroxene are computed with optical constants
from Dorschner et al. (1995) that have x = 0.5 for olivine
and range from 0.05 to 0.6 for pyroxene. The opacities for
crystalline olivine (forsterite) and pyroxene (enstatite)
are taken directly from those calculated by Sargent et al.
(2009). The mass fractions of silicates and graphite are
fixed at 0.004 and 0.0025, respectively.
For the water ice grains, we used the optical constants
compiled by Warren & Brandt (2008). These constants
are, however, specifically designed for 266 K and atmo-
spheric pressures, and in the lower pressures of proto-
planetary disks, water ice sublimates at lower temper-
atures. For this reason, we created hybrid optical con-
stants using the Curtis et al. (2005) optical contants for
crystalline (146 K) and amorphous (106 K) ice over the
∼15 - 200µm range and the Warren & Brandt (2008) op-
tical constants outside of that wavelength range. The
details of the opacity slicing are shown in Figure 2.
The amorphous ice is characterized by a single peak at
∼47µm with a broad wing towards 100µm, while the
crystalline ice has two peaks at 43µm and 63µm. As
shown in Curtis et al. (2005), these peaks are shifted to
shorter wavelengths with decreasing temperature.
4.1.4. Models for individual disks
For each object, we varied , α, the maximum grain
size in the upper layers, amax,s, and the ice mass fraction
relative to the gas to determine the best-fitting range to
the SED and the observed ice feature. Other essential
inputs are the stellar, accretion, and disk parameters,
i.e. Teff , R∗, M∗, M˙ , AV , i, and Rd. These were taken
from the literature and held fixed. We describe below our
choices for the fixed properties and describe briefly each
disk’s specific modeling challenges. The final properties,
fixed and fitted, are listed in Table 4.
VW Cha: This is a triple system composed of a pri-
mary separated by 0.′′65 - 0.′′7 from its secondary, which
is itself binary with a 0.′′1 projected separation (Bran-
deker et al. 2001). Spectroastrometry indicates that the
primary is a K5 star with an equivalent width of Hα,
WHα, of 79 A˚, while the emission from the secondary
and tertiary has a combined K7 spectral type (SpT) and
WHα of 4.8 A˚. Additionally, the primary is a factor of
4 brighter at K-band than the total emission from the
secondary and tertiary components (Ghez et al. 1997).
Together this suggests that emission from an accreting
circumprimary disk dominates the SED. Consequently,
we do not correct for the contribution of the combined
secondary and tertiary stellar components to the total
emission. For the stellar and accretion parameters, we
Fig. 4.— Best-fitting model fit to VW Cha. Spectral and photo-
metric observations are plotted in thick black; photometric errors
are 3σ. Light gray band around PACS spectrum represents the
absolute flux calibration uncertainty of 30%. The dark gray band
represents the point-to-point 3σ uncertainty in the spectrum, i.e.
the uncertainty in the shape. Total model fit (red) includes the
following components: accretion excess (dash-dotted line), stellar
photosphere (dotted line), curved wall (dashed line), and disk (solid
line). Best-fitting parameters are given in Table 4. The best fitting
model does include ice, but no feature is visible, consistent with
the feature arising in the outer disk.
take the values for the primary given by Hartmann et al.
(1998) and the AV found by Go´mez & Mardones (2003).
The inferred circumprimary disk has not been spatially
resolved. Uncertainty in R∗ and vsini makes definitive
estimates of the inclination angle difficult; after test-
ing several values, we find that models between 20 and
45◦produce a good fit to the data. We assume 45◦for
the remainder of the paper, similar to the inclinations
of Haro 6-13 and DO Tau. The upper limit to the outer
radius, Rd, predicted from disk-binary interaction theory
is 0.4 times the AB separation, assuming a circular orbit
(Artymowicz & Lubow 1994). With a de-projected sep-
aration of 147AU, Rd=59AU. Smaller values of Rd, e.g.
10 to 30AU, fit better suggesting some eccentricity in the
system. This may be an effect of the tertiary component.
The appearance of the 10 and 20µm silicate complexes is
similar to disks with strong crystalline silicate indices in
Watson et al. (2009) and the IRS region is well-fit with
forsterite in our model, consistent with a smaller, hotter
disk. The best-fitting model is given in Figure 4.
DO Tau: This is a marginally resolved system. We
use the radius and inclination found by Koerner & Sar-
gent (1995). Taking the spectral type given by Kenyon
& Hartmann (1995), we use an IRTF SpeX spectrum
(McClure et al., in prep.) to compute the veiling, extinc-
tion, luminosity, and mass accretion rate as described in
McClure et al. (2013a), using the weak-line T Tauri star
LkCa 14 as a photospheric template. DO Tau displays
signs of radial variation in its gas and dust content; the
millimeter dust continuum has a smaller radial extent
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Fig. 5.— Best-fitting model fit to DO Tau. Plotting styles are
the same as in Figure 4. The red curve is the model fit with ice
and the blue curve is the model fit with only silicates and graphite.
than the gas line emission or scattered light from small
dust grains (Koerner & Sargent 1995; Kitamura et al.
2002; Itoh et al. 2008). The scattered light images show
an asymmetric arc at ∼250AU (Itoh et al. 2008) that
suggests dynamical effects in the outer disk. Radiative
effects may play a role as well; DO Tau has a strong UV
radiation field, with LFUV =0.0325L (Yang et al. 2012).
The best fit to DO Tau is shown in Figure 5. In fitting
the SED of DO Tau, we were able to fit simultaneously
the shape of the IRS spectrum and the PACS spectrum
with a radially uniform disk model, but not the strength
of the 63µm ice feature. Models that fit the ice feature
underfit the 20-30µm observed flux. To mimic the effect
of the dust arc in the outer disk observed by Itoh et
al. (2008), we used the modified version of our code to
simulate an outer ring of water ice. Although the model
that fits best the strength of the ice feature still produces
too little flux from 20 to 30µm, this effect is weaker for
the 2-zone model fit than for the radially uniform case
(see Figure 6).
Haro 6-13: We take the spectral type found by White
& Hillenbrand (2004) and extinction correct the opti-
cal and NIR photometry to match those of LkCa 14.
This yields an AV of 7.6 magnitudes; however, including
the four veiling estimates given by White & Hillenbrand
(2004) and Folha & Emerson (1999) in the extinction
calculation using the method described in McClure et al.
(2013a) yields AV =6 magnitudes. Due to discrepancies
between the dwarf and WTTS colors and uncertainty in
the AV of LkCa14, we adopt an AV of 7.0 magnitudes.
The stellar luminosity and radius then follow; the mass
is calculated from the Siess et al. (2000) tracks, and the
mass accretion rate calculated from Brγ using the cali-
bration of Muzerolle et al. (1998) and the Brγ luminosity
found by Greene & Lada (1996).
The spectral slopes of Haro 6-13 between 6, 13, and
Fig. 6.— Effect on the shape of DO Tau’s SED of lowering to
0.00001 the water ice mass fraction in the disk upper layers interior
to some radius, RC . Exterior to RC , ice is present in the upper
layers with a mass fraction of 0.002. Ice in the midplane layer has
the same mass fraction in both the R<RC and R>RC zones.
Fig. 7.— Best-fitting model fit to Haro 6-13. There are two wall
components; one for the inner wall and one for the outer wall. Both
are plotted as dashed lines. Other plotting styles are the same as
in Figure 4.
31µm (Watson et al. 2009) are consistent with those of
pre-transitional disks in Taurus and Ophiuchus (McClure
et al. 2010), suggesting that this disk may have a gap
(Espaillat et al. 2014). Attempts to fit Haro 6-13 with a
radially uniform disk were unsuccessful; a gap of ∼6AU
was required to reproduce the sharp increase in flux be-
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Fig. 8.— Best-fitting model fit to AA Tau. Plotting styles are
the same as in Figure 4. The red curve is the model fit including ice
and the blue curve is the model fit with only silicates and graphite.
Additional dark gray spectrum from 43µm to 160µm is the archive
ISO LWS spectrum, trimmed and scaled.
tween 13 and 31µm. As with DO Tau, we were able to
reproduce well the overall SED, but not in conjunction
with the 63µm ice feature. It appears that either the
absolute flux of the PACS spectrum is too high or the
photometry is too low, although the 30% absolute flux
uncertainty and 3σ error bars of the far-infrared photom-
etry overlap. The SED may also dip near 40µm, which we
do not attempt to reproduce. The models demonstrate
that there is ice detected in this disk, but the poor fit
over the far-infrared suggests additional structure that
we cannot take into account with our current models.
The best-fitting model is displayed in Figure 7. In Table
4, we include the parameters of the outer disk wall as a
footnote, for the sake of uniform formatting.
AA Tau: This is a spatially resolved system at a higher
inclination than our other targets (Kitamura et al. 2002).
We assume the stellar luminosity and effective temper-
ature given by Hartmann et al. (1998), recompute the
mass using the Siess et al. (2000) tracks, and calculate the
mass accretion rate from the luminosity of the Brγ line
via the relation given by Muzerolle et al. (1998), using the
equivalent width of Br γ given by Fischer et al. (2011)
and the maximum K band flux given by Eisner et al.
(2007). We take AV from Fischer et al. (2011) and the
inclination and outer disk radius from Cox et al. (2013).
We note that the radius found by Cox et al. (2013) from
coronographic images is smaller than that found from
submillimeter observations (Andrews & Williams 2007);
the former authors attribute the difference to contam-
ination from a background source in the submillimeter
image.
There is still a small discrepancy between the best-
fitting model and data at the end of the IRS range, but
this difference may arise due to a number of convergent
effects that are difficult to account for. In particular,
the location of the peak of the 47µm feature between the
IRS and ISO spectra, the difference in epochs between
these spectra, and potential radial or vertical variation
in the ice grain size could all affect the shape of this
feature relative to the continuum. Despite this issue, the
model fit to AA Tau is the best out of the three disks
with ice detections and, overall, fits well both the SED
and feature strength. The best-fitting model is given in
Figure 8.
4.2. Ice emitting region
Even though our spectral features are spatially unre-
solved, and therefore in theory sample the whole disk,
in practice certain regions of the disk contribute more
than others to the features we detect. For example, if
the optical depth along the line of sight exceeds ∼1, re-
gions at higher optical depths (e.g. on the opposite side
of the midplane) are invisible to us. Likewise, regions
that are very cold or hot will emit at longer or shorter
wavelengths, respectively, than our PACS spectra. Using
the opacity, density, and temperature of our best-fitting
disk structure models, we can determine the contribution
of each point in the disk to the observed intensity at a
given wavelength. This contribution is quantified by the
integrand of the solution to the transfer equation for the
emergent intensity:
Iν(0) =
∫ +∞
0
Sνe
−τzp dτzp (2)
where τzp is the optical depth calculated along the line
of sight towards the observer, taking into account the
inclination of the disk. Since we are interested in the
dust, the source function, Sν , is the Planck function. We
rewrite the integrand in terms of the coordinate along
the ray in the line of sight, zp and define a ‘contribution
function’ of zp as:
C(ν, zp) = Bν(T )e
−τzp dτzp
dzp
dzp (3)
where the differential expression is simply equal to the
opacity at zp. By definition this function will be negli-
gible in regions of the disk where τzp is either very large
or relatively constant. It also will be smaller in cooler
regions of the disk. As τzp is dependent upon the in-
clination angle along the line of sight, the contribution
function will be asymmetric between the near and far
sides of the disk. Water ice contributes to both the flux
on either side of the feature and the feature itself. There-
fore to identify the emitting regions probed specifically
by the 47 and 63µm features, one can subtract the con-
tribution to the emission at 72µm from the contribution
to the emission at the peak wavelength of each ice feature
for each spatial grid point in the disk structure model.
Of the three new ice detections, Haro 6-13 has the
poorest model fit, potential radial disk structure, and no
ancillary UV data (for use in 4.3). We exclude it from fur-
ther analysis and concentrate our efforts on AA Tau and
DO Tau. For both of these disks, we compute the optical
depth along the line of sight, the temperature structure,
and the final, differenced contribution function using the
uniform disk model that best-fit the ice feature. We note
that in the case of DO Tau, the model used is not the
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Fig. 9.— Comparison of the optical depth along the line-of-sight (zp) in the plane of the sky for AA Tau (top) and DO Tau (bottom)
for the 47µm amorphous ice and 63µm crystalline ice features, respectively. The isocontour of τλ,zp=1 is indicated. The optical depth
structures are overlaid with the disk geometry, including the maximum extent of the disk models in our calculations, and the mid plane
and disk rotation axis. The disk surfaces, where τ=1 to stellar radiation, are also displayed. Linestyles and symbols are defined in the
legend.
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47 or 63µm, as described in the text. Note that the red regions contribute most to the flux while purple or white regions contribute the
least. The regions of the disks above the assumed equilibrium ice crystallization temperature, 130K, are indicated, along with the regions
below 80K, where high energy particles will re-amorphize crystalline ice after 0.1 Myr. The photodesorption layer, where ice is completely
removed from the grains, is indicated. For AA Tau, the latter is a barely visible thin skin in the upper layers of the disk.
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overall best-fitting model, but a uniform upper layer ice
abundance is required for this comparison. Figures 9 and
10 show the results.
4.3. UV radiation field models
The weakness of cold water vapor detections from Her-
schel (Hogerheijde et al. 2011) may indicate that most of
the grains exposed to the UV radiation field are not icy.
Rather it is likely that the icy grains lie just below the
UV-exposed layer. To investigate the effect of ultravio-
let radiation on the distribution of water in these disks,
we wish to compare the emitting region identified by the
contribution function (Section 4.2) with the disk region
in which water ice would be completely photodesorbed
from grains. Using the Bethell & Bergin (2009) code,
we calculate the UV radiation field at each point in the
disk, taking our best-fitting disk structure as input and
assuming an input UV spectrum of TW Hya, scaled to
the luminosities of AA Tau and DO Tau given by Yang
et al. (2012). The location at which photodesorption of
ice from a grain overwhelms H2O freeze-out on a grain
in molecular clouds can be modeled as AV ∝ ln(G0Y/n),
where where G0 is the mean interstellar flux in units of
Habing (1 Habing = 1.6×10−3erg/cm2/s), Y is the pho-
todesorption yield, and n is the gas density (Hollenbach
et al. 2009; Boogert et al. 2013). If we assume that this
relation holds for the upper layers of protoplanetary disks
as well, then the surface in the disk where ice no longer
exists should be the set of points (R, z) that satisfy:
G0,disk(R, z) =
ndisk(R, z)G0,cloud
ncloud
(4)
We calculate G0,disk(R, z) from the Bethell & Bergin
(2009) flux; combining these G0,disk(R, z), with the as-
sumption of 1 and 103cm−3 (Hollenbach et al. 2009) for
the values of G0,cloud and ncloud, respectively, we derive
the photodesorption surface for both disks (see Figure 9,
bottom right panel).
5. RESULTS OF ANALYSIS
The details of how we fit each source are given above
(Section 4.1.4). In general good fits to the data were
obtained with radially uniform disks for VW Cha and
AA Tau, while radial variations were required to fit Haro
6-13 and DO Tau. The modifications still do not produce
ideal fits. Despite this, we can extract useful information
about the the ice distribution from the sample as a whole.
5.1. Dust settling vs ice abundance
To fit the overall far-infrared fluxes and slopes of their
SEDs, these disks required a local enhancement of the
dust/gas ratio at the midplane of a factor of ∼10 (cor-
responding to  ∼ 0.1) and midplane grain growth to
millimeter size pebbles in order to fit the SED submil-
limeter slopes. However, to fit the absolute flux of the
Spitzer and Herschel spectra of the two disks in which the
crystalline 63µm feature was detected, the upper layers
required less depletion than the mean depletion value
for disks in Taurus and Ophiuchus (McClure et al. 2010,
=0.01-0.001), meaning these disks are less settled. This
result is consistent with the suggestion by Hogerheijde
et al. (2011) that water ice has typically settled out of
the disk upper layers. The fact that AA Tau, the disk
with the amorphous 47µm detection, was best fit by an
average degree of dust depletion does not contradict these
results; the strength of the 47µm feature increases with
higher inclination for a fixed degree of dust settling, and
AA Tau is inclined at 71◦, ∼30◦ more than the other
targets.
All three of the disks with ice detections were fit best
by ice mass fractions of 0.002 based on the peak-to-
continuum ratio of the feature, which increased with total
ice abundance. Although the strength of this feature also
depends on the degree of dust settling, we can constrain
the latter from the overall flux and slope from ∼31 to
100µm. This mass fraction of ice is only 36% of the mass
fraction predicted to be in the disk (Pollack et al. 1994),
which may suggest that icy-coated grains do preferen-
tially grow and settle to the midplane better than bare
grains. Despite the non-detection of an ice feature, VW
Cha could be equally well-fit by either an iceless disk or
an disk with the same ice mass fraction as the other disks.
Significantly, its disk appeared to be truncated close to
7AU, which we assume to be a result of its secondary and
tertiary companions and viscous evolution. In §5.2, we
will appeal to this result as a model-independent verifi-
cation that the 63µm crystalline ice feature itself cannot
originate primarily from the inner disk.
5.2. Radial distribution of ice
In Section 4.2 we calculated the contribution of each
point in the disk to the 47µm amorphous ice feature in
AA Tau and the 63µm crystalline feature in DO Tau, rel-
ative to the emission at 72µm for each disk. Comparing
the results for both disks (Fig. 10), we see that the amor-
phous ice feature for AA Tau samples exclusively the
upper layers of the whole disk; the midplane remains op-
tically thick over the entire radial range. In contrast, al-
though the primary contribution of the crystalline 63µm
ice feature in DO Tau is still from the upper layers, it
is concentrated below the disk surface and includes faint
emission from zdisk < 20AU, closer to the midplane in
the inner 120 AU of the disk. This may simply be an ef-
fect of inclination, as AA Tau is more inclined than DO
Tau by 30◦. However, these tests do confirm that the de-
tected ice in both disks is trans-Neptunian (R >30AU),
probing the region from which a proto-Kuiper belt would
be expected to form.
As an independent test of this result, we plotted the
calculated equivalent widths of the 63µm crystalline ice
features (see Section 3) against the disk sizes. In gen-
eral for optically thick disks the strength of a feature
depends not only on the dust properties but also on the
disk temperature structure and geometry in the regions
where the continuum and feature arise. However, the
three disks with crystalline features (DO Tau, Haro 6-
13, and GQ Lup) and our control system, VW Cha, have
roughly similar central stars, inclinations, and disk pa-
rameters, simplifying the comparison. Barring any differ-
ences in dust properties between these disks, the equiv-
alent widths should track the outer radii of the disks if,
for example, the feature emission were dominated by the
outer disk due to its increased solid angle or larger frac-
tion of the total disk mass.
These outer radii are quasi-independent of model as-
sumptions. For example, although their adopted disk
radii of 7AU and 50AU come from the best-fitting model
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Fig. 11.— The equivalent width, Wλ, of the 63µm feature versus
the outer disk radii for the two disks in which the 63µm feature
is detected, the disk in which the feature is not detected (VW
Cha), and our previously published feature detection in GQ Lup
(McClure et al. 2012). The disks of VW Cha and GQ Lup have
hard outer limits imposed by the presence of their companions of
0.4 times their de-projected separations of 147 and 163AU, respec-
tively, while the adopted value comes from the model fits to the
SED. For DO Tau and Haro 6-13, the open circle symbols indicate
the radius derived for their CO disks (and presumably smaller, en-
trained grains), while the solid circles are for the millimeter grain
disks. The equivalent width clearly correlates with the disk radius,
suggesting the ice emission region is beyond 30AU.
of their SEDs, the disks of VW Cha and GQ Lup have
hard outer limits imposed by the presence of their com-
panions of 59 and 65AU, or 0.4 times their de-projected
separations of 147 and 163AU, respectively (assuming
circular orbits Artymowicz & Lubow 1994). The dust
and gas in DO Tau and Haro 6-13 have been imaged
at submillimeter wavelengths, which provides a range of
radii as the dust emission tracks millimeter grains while
the gas emission tracks submicron grains that are cou-
pled to the gas. In Figure 11 we plot W63 against the
disk radii. The equivalent width shows a clear increase
from a ∼0.5µm non-detection in VW Cha, Rdisk=7AU,
to 2.1µm for DO Tau, Rdisk=350AU. Our test suggests
that the disks with larger outer radii have stronger ice
features, likely due to a larger total ice mass.
5.3. Vertical distribution of ice
Having determined that the 47 and 63µm ice features
primarily sample the outer disk, we want to know where
this ice is located vertically. That these disks are less
settled suggests that the water grains may be exposed
to photodesorbing UV radiation. On the other hand,
ultraviolet radiation is extinguished at smaller penetra-
tion depths in the disk than visible light, and less settling
means more optically thick disk upper layers, so the pen-
etration depth should be even smaller than in more set-
tled disks. For AA Tau, it is clear that photodesorption
does not significantly effect the ice distribution at large
radii: in Figure 10 the complete photodesorption surface
is a thin skin of at most 5AU in vertical depth with a ra-
dial range out to 80AU. This region is located well above
that contributing to the 47µm ice emission feature.
However, the LFUV of DO Tau is a factor of 16 greater
than that of AA Tau (Yang et al. 2012). As demonstrated
in the bottom right panel of Figure 10, this amount of UV
radiation is enough to photodesorb ice out to 140AU in
the disk, with a vertical depth of ∼20-30AU. In fact, the
photodesorbed region includes some portions of the disk
that contribute to the 63µm ice feature and to the contin-
uum between 20 and 30µm (D’Alessio et al. 2006). These
areas should be ice free, and although the majority of the
63µm contribution comes from below the photodesorp-
tion layer the abundance of ice in the lower disk layers
may also be less than if it were below a region unaffected
by photodesorption. The combination of turbulence and
photodesorption may reduce the amount of midplane wa-
ter ice by moving midplane ice to the disk surface, where
it is desorbed and reacts with other molecules (Furuya
et al. 2013). Over time this cycle could deplete ice from
the solid phase at given radius for all disk heights, as
shown by Furuya et al. (2013) for the inner 30AU of a
disk. Future spatially resolved studies probing the gas
phase abundance of water and other molecules are nec-
essary to confirm or refute this scenario.
6. DISCUSSION
6.1. Is crystalline ice a signature of planetesimal
collisions?
To place these results in context, we can compare the
inferred properties of our disk water ice detections with
those of other disks at shorter wavelengths and solar sys-
tem comets. Ice has been detected in absorption at 3µm
in protostars and edge-on systems by Pontoppidan et al.
(2005), Terada et al. (2007), Honda et al. (2009), Terada
& Tokunaga (2012), and Aikawa et al. (2012). These au-
thors are able to fit the 3µm feature best with grain sizes
of 0.5 to 1µm and an abundance relative to hydrogen of
9×10−4 (Pontoppidan et al. 2005), similar to the mass
fraction of 2×10−3 found in this work. In only two of
these detections was the water ice crystalline (Terada &
Tokunaga 2012; Schegerer & Wolf 2010). This result is
consistent with protostellar collapse models, which pre-
dict that the bulk of the disk ice in the upper layers of
the outer disk arrives unprocessed from its initial chemi-
cal formation on grains in the parent molecular cloud or
protostellar envelope (Visser et al. 2009), so it should be
amorphous. Significantly, in one of the two disks with
previous crystalline ice detections, YLW16A, the disk
and envelope water ice were spatially resolved, with crys-
talline ice only in the upper layers of the outer disk and
amorphous ice in the inner disk and in falling envelope
(Schegerer & Wolf 2010).
In contrast, near- and far-infrared spectral observa-
tions of solar system objects find compositions domi-
nated by crystalline ice. Jewitt & Luu (2004) detected
a 1.65µm crystalline ice signature towards Kuiper belt
object (KBO) Quaoar, while Grundy et al. (2006) found
the same feature in satellites of Uranus, placing an upper
limit of 20% on the amorphous content of the observed
water ice. At longer wavelengths, ISO SWS/LWS spectra
of comet Hale-Bopp show both crystalline features at 43
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and 63µm, which are best-fit with 15µm sized ice grains
(Lellouch et al. 1998), an order of magnitude greater than
the size inferred in edge-on disk features. It is possible
to crystalize amorphous ice on large bodies through col-
lisions of planetesimals or differentiation (Brown 2012).
Depending on the initial phase of ice in the disk, there
are processes by which it can be amorphized or crys-
tallized. Ice which is initially crystalline can recondense
amorphously after being photodesorbed in the upper lay-
ers of the outer disk (Ciesla 2014). Alternatively, its
crystalline structure can be damaged by high-energy ra-
diation or particles when the disk temperature is less
than 80K (Grundy et al. 1999, and references therein),
which should amorphize these regions completely on the
order of 105-106 years (Cook et al. 2007). On the other
hand, local heating events, such as shocks or collisions
with other dust grains or large bodies, can crystallize
amorphous ice (Porter et al. 2010; Marboeuf et al. 2009)
and ice can be crystallized as material moves into warmer
regions near the star.
Our finding of amorphous ice in the upper layers of
AA Tau’s outer disk is consistent with the prediction
that ice below 80K should become amorphous by 106
years, if it was not already inherited that way from its
natal cloud. The region where crystalline ice could be
thermally generated is much smaller than the contribu-
tion region of the 47µm amorphous feature. However,
the case of DO Tau is more complicated. The vast ma-
jority of its outer disk is below 80 K and should, there-
fore, be amorphous. The remaining regions above 80K
are almost entirely within the complete photodesorption
zone, so crystalline ice should not exist in the upper lay-
ers of its disk. Our detection of crystalline ice in this
system suggests that there has been replenishment of
the crystalline ice population in the outer disk at some
point within 105 years. Replenishment by warm ice from
the inner disk would require transport through the disk.
However, in the disk’s upper layers this would require the
crystalline ice to pass through regions where turbulence
should circulate grains into the photodesorption zone,
which would have the effect of amorphizing the grains
(Ciesla 2014). Therefore our detection strongly suggests
regeneration by in situ crystallization of icy grains, e.g.
by micrometeorite/planetesimals collisions or a desorp-
tion/recondensation event. We note that these results
confirm the conclusions of McClure et al. (2012).
6.2. Can we trace the radial extent of the water ice
snowline?
As seen by DO Tau, photodesorption can have a signif-
icant effect on the curvature of the snow line in the upper
layers, releasing water ice from grains at larger radii than
thermal desorption alone. Our attempts to fit DO Tau
with a radially constant disk model suggest that inclu-
sion of ice inside this region in our disk structure models
(which do not self-consistently account for photodesorp-
tion) causes the decrease in flux from 20 to 30µm, which
prevents us from fitting the IRS and PACS spectra si-
multaneously. We confirmed the general effect on that
wavelength region of truncating radially the water ice
in the disk upper layers inwards of some critical radius
RC in Figure 6, using the new 2-zone model. Although
DO Tau was not fit perfectly with the new model pre-
scription, the broader mid- to far-IR SED fit is improved
by models with less ice in the inner 100AU. Including a
curved desorption zone rather than a step function may
improve the fit.
These results suggest that with updated modeling, in-
cluding a self-consistent account of photodesorption, it
may be possible to constrain the location of water ice
in the upper layers of the inner ∼50AU by comparing
the strength of the 63µm feature with the absolute flux
and slope of the SED over the end of the Spitzer IRS
spectrum. Combining this type of analysis with a more
physical settling parameterization, and potentially data
around 45µm with FIFI on SOFIA, SPICA, or near-
infrared scattered light spectroscopy (e.g. with GPI or
SPHERE) may allow a more complete picture of the 2D
location water ice depletion front, or ‘snowline’, taking
into account both thermal and photo-chemical effects.
7. CONCLUSIONS
We present four new Herschel PACS spectroscopic ob-
servations of disks around T Tauri stars in the Taurus
and Cha I star-forming regions. Two of the Taurus disks
show crystalline water ice features at 63µm, while we in-
fer the presence of the red wing of the amorphous 47µm
water ice feature in the third system. A fourth disk,
in Cha I, exhibits an ice non-detection and is used as a
control.
Using detailed irradiated accretion disk models, we ex-
tract basic constraints on the abundance, grain size, and
radial and vertical location of the water ice in the disk,
finding that:
• both of the amorphous 47 and crystalline 63µm
features are dominated by emission at trans-
Neptunian radii, R>30AU, in the disk upper layers;
• the emitting region of the crystalline ice is much
larger than the region that is hotter than the crys-
tallization temperature, suggesting local heating or
transport;
• both features were well-fit by an ice mass fraction
of 0.002 relative to gas, or half the predicted solar
nebula value, consistent with a depletion of ice from
the disk upper layers;
• comparing the ice feature strength with continuum
shape in Spitzer IRS may yield more detailed in-
formation regarding the location of the snowline in
the upper layers.
Through this work, we probe the main reservoir
thought to provide water ice to terrestrial planets,
namely the proto-Kuiper Belt. However, larger disk sam-
ple sizes and more physically motivated model ice distri-
butions are necessary to characterize better the proper-
ties of this reservoir and determine the innermost spatial
extent of water ice in disks, i.e. the snowline, both of
which are essential to constraining how Earth acquired
its water.
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TABLE 4
Stellar and Model Properties
Parameter AA Tau Haro 6-13a DO Tau VW Cha
Teff (K) 4060 3850 3850 4350
AV (mag) 1.34 7.0 3.0 2.8
M∗ (M) 0.80 0.56 0.56 1.1
R∗ (R) 1.80 2.45 1.90 2.7
M˙ (M/yr) 6× 10−9 1× 10−8 9× 10−8 5× 10−8
i (◦) 71 40 42 45b
d (pc) c 140 140 140 160
Wall, lower
Twall,1 (K) 1600 1400 1600 1600
amax (µm) 1 5 2 3
sil. comp. 100% PyMg60 100% PyMg60 100% PyMg60 100% PyMg60
Rwall,1 (AU) 0.12 0.15 0.17 0.21
h5wall,1 = zwall,1 (AU) 0.009 (2.25H) 0.024 (4H) 0.021 (3H) 0.018 (2.5H)
zs,disk(Rwall) (AU) 9.7×10−3 1.6×10−2 2.1×10−2 2.4× 10−2
Wall, upper
Twall,2 (K) 750 800 700 1200
amax (µm) 5 3 3 0.75
sil. comp. 60% OlMg50 100% PyMg60 60% OlMg50 50% OlMg50
40% Forst. 40% Forst. 50% Forst.
Rwall,2 (AU) 0.32 0.36 0.57 0.35
hdwall,2 (AU) 0.035 (3H) 0.05(3.5H) 0.07 (2.75H) 0.012 (1H)
zwall,2 (AU) 0.044 0.074 0.085 0.030
zs,disk(R2) (AU) 3.4×10−2 5.3×10−2 9.1×10−2 4.8× 10−2
Disk
α 0.003 0.005 0.05 0.005-0.01e
 0.01 0.1 0.05 0.1-0.5e
Rd (AU) 140 180 350 7
Md (M) 3.06×10−2 3.67×10−2 4.06×10−2 6.69×10−3
amax,midplane
f 1mm 1mm 1cm 1mm
silicates/graphiteg
amax,upper (µm) 0.25 0.25 0.25 0.5
sil. species 100% PyMg80 90% OlMg50 100% OlMg50 50% PyMg80
10% Enst. 30% Forst.
20% Enst.
H2O ice
amax,upper (µm) 0.25 15 0.25 0.25-15
m/mH2 2×10−3 2×10−3 2×10−3 up to 2×10−3
power 2.0 3.5 2.0
Note. —
a Our model for Haro 6-13 has a gap between 0.36AU and 7.5AU, with an outer wall
of 4H and a composition the same as that of the disk.
b VW Cha lacks definitive inclination information, so we assumed i=45◦.
c Distance references: Taurus: Kenyon et al. (1994), Chamaeleon I: Whittet et al.
(1997), references for stellar and accretion parameters are given in §4.1.4.
d The wall height is expressed in terms of the gas pressure scale height, H, at the
wall radius.
e VW Cha lacks data beyond ∼200µm; without that additional constraint, α and 
can vary as indicated.
f The maximum grain size in the midplane was taken to be the same for silicates,
graphite, and water ice, which are assumed to be present in the midplane with the
same abundance as in the upper layers.
g Silicates and graphite were assumed to have a power of -3.5 and m/mH2=4×10−3
and 2.5×10−3, respectively.
